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In general, routing consists of two basic tasks: distributing the state information of the network and searching this information for a feasible path [1] . In this paper, we focus on the second task and assume that the network information has been disseminated throughout the network using a QoS-based routing protocol (e.g., ACOR [2] ).
Specifically, each link in the network is associated with multiple parameters which can roughly classified into additive [3] , [4] . For additive parameters (e.g., delay, jitter), the cost of an end to end path is given by the sum of the individual link values along that path [1] . However, the cost of the path with respect to (w.r.t) a non-additive parameter, such as bandwidth, is determined by the value of that constraint at the bottleneck link. It is known that constraints associated with non-additive parameters can be easily dealt with a pre-processing step by pruning all links that do not satisfy these constraints [5] .
Recently, a diversity of QoS routing algorithms incorporating a variety of constraints have been proposed [1] [6] [8] . For unicast routing, the Multi-Constrained Optimal Path (MCOP) and Multi-Constrained Path (MCP) are the most notorious ones for their NP-complete property [9] . A MCOP problem needs to find a path with the minimal cost subject to one or more path constraints, while a MCP problem needs to find a path subject to two or more path constraints without necessarily finding an "optimal" solution. Regarding the two classes of problems in wired networks, much work has been done, in particular when the number of constraints is small [10] , [11] .
In ad hoc networks, where the topology changes dynamically, QoS routing is even more challenging. Hence, in this paper we propose an enhanced algorithm based on H_MCOP heuristic (Heuristic Multi-Constrained Optimal Path) [1] , namely E_MCP (Efficient Multi-Constrained Path) to solve the MCP problem in mobile ad hoc networks. To the best of our knowledge, none of the previous published papers deal with the MCP or the MCOP problem in ad hoc networks. Our heuristic aims to enhance the H_MCOP and explore the entire capability of the Lagrange relaxation technique to achieve a high success ratio of finding feasible paths in mobile ad hoc networks. The rest of the paper is organized as fallows. In section 2, we describe the H_MCOP heuristic. Then the proposed heuristic is presented in section 3. The formal specification and justification in section 4, and extensive simulation results are evaluated in section 5. In section 6, we briefly review some related works in wired networks, and finally our main conclusions are drawn in section 7.
2-The H_MCOP heuristic algorithm
In this section, we describe the heuristic algorithm H_MCOP proposed in [1] for the MCOP (Multi-Constrained Optimal Path) problem which only needs to run Dijkstra's algorithm (with slight modifications) twice to solve the MCOP problem with multiple constraints based on linear Lagrange relaxation. Assume a network is modeled by a directed graph G = (V,E), where V is the set of nodes and E is the set of links. Each link is associated with
is associated with a primary cost parameter
the problem is to find a path p from a source node s to a destination node d such that:
is minimized over all feasible paths satisfying (i).
The search of a feasible path with H_MCOP is done by approximating the non-linear cost function (1) . Among the existing work in the context of QoS routing algorithms, it is believed that the H_MCOP has the best performance in terms of finding feasible paths and low computational complexities for wired networks. However, in wireless mobile networks such as ad hoc networks characterized by node mobility and resource constraints have limited the application of the H_MCOP. Hence, in this paper, we investigate a new heuristic which adapts the H_MCOP algorithm and enhances its Lagrange relaxation procedure to provide a solution for the MCP problem in mobile ad hoc networks. By general, the proposed solution is applicable to any number of constraints, irrespective of their nature and interdependence [1] .
3-The efficient multi-constrained path heuristic (E_MCP)
We now present our heuristic algorithm E_MCP, which attempts to the MCP problem in ad hoc networks. E_MCP adopts the basic idea of the H_MCOP but by using an enhanced Lagrange relaxation procedure to be adequate to the mobile environment of ad hoc networks. Specifically, H_MCOP determines the sub-path from s to u by 
3.1-Nonlinear cost function for MCP
We consider the non linear cost function (1) [1] for any path p from the source to the destination. For a given 1 ≥ λ suppose there is an algorithm χ that returns a path p by minimizing the cost function (1). Then, the following bounds on the performance of algorithm χ can be established.
Theorem 1:
Consider the MCP problem and assume that there is at least one feasible path p* in the network. Let p be a path that minimizes the cost function λ g for
for at least one k, and
Proof: if the returned path p is feasible, then from (1) the above bounds are correct. Assume that p is not feasible. Since the algorithm returns the path p (and not the feasible path p*), it must be true that
Since this contradicts (2), we must have
for at least one k, and the bound in part (i) is correct. Note that if
λ , then it is guaranteed that there is no feasible path p* in G because of at
for any path q.
To prove the part (ii), assume to the contrary that for at least one constraint j c we
, which contradicts (2). Hence, part (ii) is proved.
Corollary 1: as λ increases, the likelihood of finding a feasible path also increases.
Proof: follows immediately from theorem 1. Therefore, to increase the possibility of finding a feasible path, it makes sense to set λ to its largest value, i.e.,
In order to provide a practical computational model for ∞ → λ , we can replace
by another cost function that does not explicitly involve λ but that achieves the same ordering of candidate as * g .
3.2-Proposed heuristic for MCP in ad hoc networks
E_MCP adopts the basic idea of H_MCOP, but by using an enhanced Lagrange relaxation procedure to adapt it to the mobile environment of ad hoc networks.
Lagrange relaxation has the property of providing bounds on the value of the optimal objective function and, frequently, of quickly generate good, though not necessarily optimal, solutions with associated performance guarantees [12] . The major modifications are related to the use of the same cost function in both directions and the evaluation of sub-path instead of the complete path. Our modifications M1 and M2 aim to exploit the full capability that a Lagrange relaxation could offer and enhance the probability of finding feasible paths in mobile ad hoc networks characterized by frequent topology changes and link breaks. Hence, these 
For each node u, the algorithm maintains the following labels: For that it uses Reverse_Dijkstra [13] with some modifications to the relaxation procedure as shown in algorithm A3.
return failure /*there no feasible path*/ endif If there is a possibility that the network contains feasible paths, Look_Ahead_Dijkstra is executed in the forward direction to identify whether there is other paths q, which improve the performance over the returned path p using the information provided by the above Reverse_Dijkstra. To implement Look_Ahead_Dijkstra, we need a slight modification to the relaxation procedure of Dijkstra's algorithm [14] . The preference rule takes as input two nodes and their labels. Then, it selects a path of these nodes such that minimizes the primary cost function if foreseen s-d paths passing through these nodes are feasible; otherwise, it selects the path that minimizes the objective function . Let tmp be a temporary node 
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4-Justification of E_MCP heuristic algorithm
We aim with E_MCP to exploit the full capability that a Lagrange relaxation technique could offer to solve the MCP problem in a mobile environment such as ad hoc networks.
Respectively, it is necessary to justify the proposed Lagrange process and the method that the E_MCP determines a path according to the nonlinear cost function
Consider a special case where the following condition is satisfied:
Where Δ is a fixed value, Under this condition, we need to determine the path from u to v that minimizes (.).
The problem can be described as the following constrained optimization problem:
Subject to the condition in (3).
It can be further converted to the following unconstrained optimization problem:
Where σ is a Lagrange multiplier.
To solve the unconstrained optimization problem, we let , 0 ) (
Remark: the derivation does not apply the case of
We demonstrate by the derivation above that under the condition in Eq.3, the optimal path would be the path that has the equal ratio of each weight to the corresponding upper bound. In real situation, Eq.3 does not hold normally, but we can infer that the optimal solution would be a path that has the following two characteristics. Similarly, for the sub-path v-d expect the weight is accumulated from v to d. Hence, using the sub-paths search in this fashion should achieve the highest probability of finding a feasible MCP solution.
We believe that this method could achieve good performance when all the constraints are quite loose, but when 0 C becomes relatively tight, H_MCOP is likely to make mistakes. To enlighten this observation, consider the case where all constraints are quite loose except that 0 C is just slightly greater than ) ( 0 0 p w , where 0 p is the shortest path between s and d w.r.t. weight 0 w , which implies the availability of a very limited number of feasible paths.
5-Performance evaluation
In this section, we simulate our algorithm in ad hoc network environment. The results are for a network of 50 nodes randomly on a square 670m flat space. To preserve connectivity, every node has 12 neighbours on average. Nodes move following the Random Trip Model [7] . We associate two randomly generated weights with each link ) , ( j i . As shown in Table 1 We now contrast our study on the performance comparison using the k-shortest paths for E_MCP and MH_MCOP. Comparing the equal complexities of E_MCP and HH_MCOP, we claim that E_MCP outperforms MH_MCOP in performance for the same amount of computational complexity.
Figure2. SR's of E_MCP and MH_MCOP with k-shortest paths of 50 nodes.
6-Related works
In wired networks MCP has been extensively studied. Jaffe [16] In [20] the authors proposed a similar dynamic algorithm for the MCP problem.
However, the computational complexity of this algorithm grows exponentially with the size of the network. In [17] the authors proposed a heuristic algorithm that modifies the MCP problem by scaling down the values of one of the two link weights to bounded integers. It was shown that the modified problem can be solved by using Dijkstra's shortest path algorithm and that the solution to the modified algorithm is also a solution to the original one.
7-Conclusions
Solving the MCP problem in ad hoc networks is a key issue for QoS application. In this article, we introduced a new heuristic algorithm E_MCP based on Lagrange relaxation technique for solving MCP problem in mobile ad hoc networks by introducing some efficient modifications to the H_MCOP algorithm, which proves a high success ratio in finding feasible paths. Hence, our modifications aimed to explore the full capability of the Lagrange relaxation and enhance the probability of finding feasible paths. We first, modified the relaxation procedure in Look_Ahead_Dijkstra's algorithm. Second, instead of using a linear cost function Extensive simulations demonstrate that E_MCP can achieve a higher probability of finding feasible paths than the original H_MCOP (or MH_MCOP) with better performance.
As future work, we will investigate how E_MCP performs in the presence of inaccurate state of information and what modifications need to be done.
